Daylight saving time (DST) is a common practice in many countries, in which Official Time (OT) is abruptly shifted 1 hour with respect to solar time on two occasions every year (in fall and spring). All anthropogenic emitting processes tied to OT, like job and school commuting traffic, abruptly change in this moment their timing with respect to solar time, inducing a sudden shift between emissions and the meteorological factors that control the dispersion and transport of air pollutants. Analyzing 13 years of hourly particulate matter (PM10) concentrations measured in Santiago, Chile, we demonstrate that the DST practice has observable nontrivial effects in the PM10 diurnal cycle. The clearest impact is in the morning peak of PM10 during the fall DST change, which occurs later and has on average a significant smaller magnitude in the days after the DST change as compared to the days before it. This decrease in magnitude is most remarkable because it occurs in a period of the year when overall PM10 concentrations increase due to generally worsening of the dispersion conditions. Results are shown for seven monitoring stations around the city, and for the fall and spring DST changes. They show clearly the interplay of emissions and meteorology in conditioning urban air pollution problems, highlighting the role of the morning and evening transitions of the atmospheric boundary layer in shaping the diurnal pattern of urban air pollutant concentrations.
Introduction
Surface concentrations of air pollutants depend heavily on meteorological factors such as dispersion and transport rates associated with turbulence and winds in the atmospheric boundary layer (ABL). Although concentration of air pollutants is the variable directly affecting people and materials, and emission rates are the variables to manage in order to reduce air pollution problems, it is the ABL dynamics that mediates the relationship between emissions and concentrations. Without proper understanding of the relative roles of emissions and meteorology in producing a given air pollution problem, it is difficult to design or evaluate optimal control measures for existing or planned sources of air pollutants. Distinction between emission and meteorological factors is often clouded, however, because of incomplete knowledge of both of them. This is especially true in urban air pollution problems, where pollutant sources are spatially distributed and highly variable in time and space. One empirical approach used to address this problem is to perform dispersion experiments, in which the emission rate of a certain tracer is highly controlled while its concentrations are measured in the surroundings (Martin et al., 2010; White et al., 1999) . Complete a priori knowledge on the emissions allows in this case enhanced knowledge on the meteorological factors of the air pollution problem under consideration.
We explore in this work the possibility of considering daylight saving time (DST) observance as a kind of urban dispersion experiment. DST is a common practice in many countries, in which official time (OT) is abruptly shifted 1 hr with respect to solar time on two occasions every year. All anthropogenic emitting processes tied to OT, such as job and school commuting traffic, are bound to abruptly change their timing with respect to solar time in the day of DST change. Winds and turbulence in the ABL, on the other hand, are tied to solar time, so that around the DST periods a sudden shift between emissions and meteorology takes place. We demonstrate here that this shift has observable nontrivial effects on the diurnal cycle of urban particulate matter concentrations. The DST effect cannot be fully regarded as a dispersion experiment, however, because we know a priori only one particular attribute of the emissions, namely, a 1-hr time shift. On the other hand, it is a "free experiment" that occurs every year mandated by law, it involves the full functioning of a city, and it does not use a tracer, but uses the same criteria air pollutants that are of concern. For these reasons, we believe that analysis of the DST effect on the observed concentrations is still useful in enlightening the interplay of emissions and meteorology in urban air pollution problems. In this regard, the DST urban "dispersion experiment" is one more example of a "natural" or "involuntary" experiment shedding light on the relationship between emissions and ambient concentrations. Other examples are the analysis of concentration reductions during periods of point sources shutdowns because of labor disputes (Pope, 1989) or impact studies of the 2003 North American electrical blackout (Hu et al., 2006; Marufu et al., 2004) .
We analyze here concentrations of particulate matter with aerodynamic size less than 10 mm (PM 10 ) measured in Santiago, Chile (33.5 S, 70.6 W, 550 m above sea level [MSL] , over 6 million inhabitants, Figure 1 ). The air pollution problem of Santiago is known to be one of the most serious in the world (Koutrakis et al., 2001; Molina and Molina, 2004) , which is explained by natural and anthropogenic emission of pollutants, as well as by geographic and meteorological factors (Romero et al., 1999; Rutllant and Garreaud, 1995) . During the Southern Hemisphere cold season (April-August), the main air pollutant in the city is PM 10 , which frequently exceeds the standard value of 150 mg m À3 as a 24-hr average, when synoptic and subsynoptic weather patterns enhance the atmospheric stability and reduce the winds in Santiago basin (Rutllant and Garreaud, 1995) . With respect to daylight saving time in Chile, it is a long-standing practice mandated by official government regulations. During the winter period, OT in Chile is coordinated universal time (UTC)-4, whereas during the summer it is UTC-3 (Figure 2a ). The change from summer to winter (winter to summer) time occurs normally the second weekend of March (October), although during some years the specific weekend has been changed for special reasons (specific dates shown in Table 1 ). Figure 2b illustrates the hypothesized change of the relative phase between emissions and ABL dynamics for the March DST.
Effects of DST on air pollution have been mentioned in public policy documents (European Commission, 2000) , but their documentation in the scientific literature is, to the author's knowledge, very limited. Methodological difficulties to detect the DST effect, as described in the next section, may be a reason for this paucity. Previous works (Cohen, 1991; Hecq et al., 1993) have focused on possible DST effects on photochemical smog due to the time shift of ozone precursor emissions with respect to the time of maximum solar radiation. A first description of the DST effect on the air pollution problem of Santiago was presented in a conference in 2007 (Muñoz and Schmitz, 2007) , work that is hereby extended and supplemented with a statistical significance analysis.
The paper is organized as follows. The next section provides a description of the data and methodology used in the analysis. Then, results are shown of the impact of DST on PM 10 concentrations measured in Santiago, leaving for the final section the conclusions and discussion of the relevance of the results. 
Data and Methodology
Due to the importance of the air pollution problem in Santiago, the Chilean Health Department operates since 1997 an air pollution monitoring network, measuring criteria pollutants and meteorology at seven points in the urban area (Jorquera, 2002) (Figure 1 ). The concentrations database used here corresponds to hourly averages for years 1998-2010, referred always to a constant winter time reference (UTC-4). In this period, the availability of validated hourly PM 10 concentrations measured with tapered element oscillating microbalance (TEOM) instruments exceeds 98% in all stations. The validation performed by Health Department operators includes verification of instrument performance parameters, outlier analyses, coherence verification between hourly and subhourly averages, timechecking, and consideration of special events near the stations, among others (Corral, 2011) .
The analysis will focus in station L (La Florida), for which DST effects are clear. Figure 3a illustrates the diurnal cycle of PM 10 at station L for weekdays of May (bold black line). The diurnal pattern is characterized by conspicuous peaks of concentrations in the morning and in the evening. Shaded areas in Figure 3a illustrate the variability of the hourly concentrations. Although the morning and evening peaks are generally present, their magnitudes show large day-to-day variability, which demands a careful statistical evaluation of our results. Figure 3b shows the mean weekday May PM 10 diurnal cycles for the remaining monitoring stations. Most of the stations show the two-peak diurnal pattern in the concentrations, the only exception being station M, probably due to its particular geographic location (Figure 1 ). Figure 3c illustrates the variation along the year of the mean diurnal cycle of PM 10 at station L (the other stations show similar diurnal/annual variations, except station M). The morning and evening peaks show a large annual variation in intensity, with maximum average values from May to July. The timing of the morning peak shows also a significant variation along the year, occurring about 1-2 hr later in the winter than in the summer. Longer and more stable nights and weaker daytime convective intensity during the cold season may be one explanation for these seasonal trends, although changes in emission strengths may not be discarded. As we expect that DST-tied emissions occur mostly in weekdays, we have confined the diurnal cycles analyzed in this paper only to weekdays. As shown by Figure 3d , the typical weekend diurnal cycle of PM 10 in station L is different than in weekdays. The morning peak is much weaker during the weekends and the evening peak lasts longer as compared with weekdays. These differences are most probably due to changes in the emission pattern.
Near-surface meteorological conditions in Santiago show also large diurnal and seasonal variations, as illustrated by Figure 4 . This figure is constructed based on meteorological measurements available in a 24-m micrometeorological mast located over an agricultural experimental field in Santiago, about 7 km from station L (point LP in Figure 1 ). As the focus of this paper concerns mean diurnal cycles and seasonal variations, the general features of the climatology over this site may be considered representative of the southeastern portion of Santiago, where station L is located. Available data include winds at 10 and 24 m (the latter measured with a Gill ultrasonic anemometer providing also vertical velocity variances), temperature differences between 8 and 2 m, and global solar radiation. Strong diurnal and annual cycles for all these variables are observed in Figure 4 . Except for the brief periods in which mid-latitude weather systems affect Santiago producing extensive cloudiness, intense winds, and precipitation, the Santiago basin circulation and ABL dynamics are strongly forced by the solar radiation diurnal and annual cycle (Figure 4a) . Maximum values of wind speed (Figure 4b ) are attained in the late afternoon, especially in summer, evincing a topographically forced circulation driven by solar radiation. The latter is also important in driving convective turbulence, as suggested by the mean diurnal cycles of vertical velocity turbulence shown in Figure 4c . Finally, near-surface stability (Figure 4d ) has also a large diurnal cycle defining very well the annual evolution of the morning and evening transitions of the ABL. Comparison of Figure 3c and all panels of Figure 4 suggests that the morning peak in concentrations occurs right before diurnal convective turbulence and instability develops, whereas the evening PM 10 peaks occur especially in the period of the year when stable conditions develop earlier in the day and winds are weak.
In order to show the influence of DST on the diurnal cycle of PM 10 , we shall simply compare them for days after and before DST change. Admittedly, a 1-hr shift in the emission pattern might be considered too subtle to be detectable using hourly concentration time series. Indeed, direct comparison of the concentration time series of the day after the DST change with that of the day before it would be meaningless, because the meteorological variability among specific days hides any DST-related difference. It is necessary, therefore, to compare differences in average diurnal cycles for sets of days representing conditions before and after the DST change. The larger the number of days considered in each set, the more robust the comparison would be. There is still a problem, however, if the averaging periods are too long, because then the strong seasonal trend in the concentrations masks the effect of the time change. The problem is solved by using relatively short averaging periods around the DST weekend, but considering several years of data. In this way, the mean diurnal cycles are computed over many days, but all being representative of periods close to the DSTweekend. The 13 years of high-quality PM 10 data available for Santiago city permit such exercise. The actual methodology used to detect the effect of DST is then straightforward. We take the 5 weekdays after the DST weekend for every year in the database, and compute a mean post-DST PM 10 diurnal cycle. The same procedure is repeated for the 5 weekdays before DST weekends to compute a mean pre-DST diurnal cycle. Comparison of both patterns shows the DST effect on PM 10 concentrations. The methodology is applied independently for the March and the October DST changes and for each station in the monitoring network.
In order to assign a statistical significance to the differences obtained between post-DST and pre-DST diurnal cycles, we apply a simple Monte Carlo test. For the case of the March DST change, for example, we pick in each year a uniformrandomly selected day (RSD) between March 1 and March 31, which is the general period in which March DST changes occur. Based on them, we compute mean post-RSD and pre-RSD PM 10 diurnal cycles considering the 5 weekdays after and before each RSD, respectively. We repeat this Monte Carlo experiment 1000 times, so that a distribution of post-RSD and pre-RSD diurnal cycles is obtained. The significance of the observed post-DST and pre-DST diurnal cycles differences is evaluated based on the RSD-generated distributions. For the October DST change, the RSDs are picked between October 1 and October 31.
Results
The morning and evening PM 10 peaks occur during times of the day when high emissions combine with a relatively small dispersive capacity of the ABL. Moreover, during the morning and evening hours, both the emission rates and the ABL turbulence are highly transient. Therefore, it is reasonable to expect that the timing and the magnitude of the concentration peaks are controlled by the time evolution of the emission rates, by the turbulence intensity, and by the relative phase between emissions and turbulence. Considering that DST induces a 1-hr shift in the emission rates, several possible outcomes can be imagined for the DST "dispersion experiment." First, we can expect a simple 1-hr shift in the concentration pattern (if no explicit reference to OT is made, all subsequent time analysis are based on a fixed time coordinate such as UTC-4). In this case, the timing of the peaks in the concentration diurnal cycles will move forward in the March DST, and back in the October DST. A second possible outcome is a change in the magnitude of the peaks. For example, the emission pattern moving forward in the March DST may induce a decrease in the magnitude of the morning concentration peak, because the later in the morning the pollutants are emitted, the more intense is the turbulence dispersing them. The strength of these effects in timing and magnitude of the peaks will certainly depend on the shapes of the emission and turbulence temporal patterns, as well as on the fraction of the emissions that are tied to OT. If PM 10 were all naturally produced, DST changes would have no impact at all in PM 10 diurnal cycles. If, on the other hand, PM 10 emissions were all anthropogenic and fully coupled to OT, and there were no meteorological effect on the concentrations, then the result of the experiment would be a simple 1-hr shift in the concentrations diurnal cycle with no change in peak magnitudes. Figure 5 shows results of our analysis for station L. Panel a shows the mean pre-DST (bold line) and post-DST (fine line) PM 10 diurnal cycles around the March DST change. The effect is most clear in the morning concentration peak, which shows both outcomes suggested previously: it occurs later and has a reduced magnitude after the DST as compared with conditions before the DST change. The evening peak, on the other hand, is larger in the post-DST composites as compared with the pre-DST composites, showing also a slightly later occurrence. This response of the evening peak is consistent with the emissions being injected into more stable conditions after the DST adjustment, although in this case the mere seasonal changes in stability would produce the same effect. The statistical significance of the observed differences in mean diurnal cycles was tested with the Monte Carlo methodology described in Data and Methodology. Results for the March DST are shown in Figure 5b . The black bold line is simply the difference between both diurnal cycles of panel a) (post-DST minus pre-DST). The gray shaded area, on the other hand, marks the region where 90% of the differences of RSDbased diurnal cycles fall. Hours in which the black line steps outside of the gray area can be described as periods in which the pre-DST and post-DST PM 10 diurnal cycles are different, with 5% significance. In this particular case, the DST effect is very significant in the morning from 6:00 a.m. to 9 a.m. It is also significant to 5% in the early night from 11:00 p.m. to 12:00 a.m. It is worth noting that the gray area lies mainly above zero, evincing that during March the RSD-based diurnal cycles simply show the general positive trend of PM 10 concentrations during the fall. The symmetry of the positive and negative morning peaks in the gray area, on the other hand, is due to the general later occurrence of the morning peak as the year advances.
Results for station L during the October DST change are shown in panels c and d of Figure 5 . In this case the morning peak occurs earlier and has larger magnitudes after the DST weekend than before it. The evening peak, on the other hand, occurs slightly earlier as well, but with smaller magnitude, after DST than before. These results are again consistent with the expected behavior of emissions being injected into more stable morning conditions after the DST weekend as compared with before the DST weekend, and thus producing a larger morning PM 10 peak in the post-DST composites (contrary to the seasonal trend). The evening peak results, on the other hand, are also consistent with the emission-meteorology phase shift, although the effect on the PM 10 concentrations could also be explained just by the seasonal trends. The DST effects in October are more subtle in terms of magnitudes and significance than in March, possibly related to the fact that the PM 10 problem in Santiago is worse in the fall than in the spring (see Figure 3c) . Table 1 provides actual values of morning and evening PM 10 peaks at station L for every year in the database, distinguishing between pre-DST and post-DST adjustment periods. The DST effects on the peaks that were observed for the full period composites of Figure 5 are present in most of the individual years. For this particular station, Table 1 shows that the average magnitude changes of the PM 10 peaks associated with DST adjustments are about 35% and 15% in the fall and spring cases, respectively.
Not all stations show as marked a DST effect as station L, probably due to differences in local emission patterns and meteorology. Figure 6 shows the post-DST minus pre-DST diurnal cycle differences for the remaining six stations of the monitoring network, together with their corresponding Monte Carlo significance regions. Stations Q and P show also a significant DST effect on the morning peak for the fall case, similar to station L. These three stations are located in residential areas rather far from downtown, where the morning traffic peak may occur earlier than in the other stations, so that the phase relationship between emissions and turbulence may be different. Station O, located in the western part of Santiago, is of special interest, as it is located where the PM 10 air pollution problem is generally worse. The results indicate that the March DST effect here is less significant in the morning and not significant in the night. The mean diurnal cycles differences in October are symmetric to the March cases for all stations, although, as for station L, the magnitudes of the differences are smaller and less statistically significant than in March.
Conclusions
Results presented here demonstrate that changes in official time associated to the daylight saving time (DST) practice have observable effects in the shape of the diurnal pattern of PM 10 concentrations measured in Santiago. The clearest effect is in the morning peak of PM 10 during the March DST change (fall season). In this case, the maximum PM 10 occurs later and has on average a significant smaller magnitude in the days after the DST change as compared with the days before it. This decrease in magnitude is most remarkable because it occurs in a period of the year when overall PM 10 concentrations increase due to generally worsening of the dispersion conditions. DST effects are observed also, although with less statistical significance, for the evening peak of PM 10 concentrations, which occurs later and with larger magnitudes after the March DST change. Opposite effects are observed in the spring season around the October DST adjustment.
The documented DST effect on the PM 10 diurnal cycles can be qualitatively explained considering that DST adjustments induce a shift between emissions and dispersion of particulates. After the fall DST weekend, for example, morning emissions would be injected at a later solar time than in the days before the official time change, so that they are more efficiently dispersed and lower concentrations are attained. Although this type of reasoning explains the observed changes in the morning and evening PM 10 peaks, both for the fall and spring DST adjustments, other factors may be at play as well. Systematic seasonal changes in the strength of the emission rates during the periods of DST adjustments could be a possible confounding factor, although only partially. For example, if we consider March as a transition month between the summer vacation month of February and the fully functioning month of April, the mean emission rates are probably increasing during March. This increase could explain the larger evening peaks after the March DST adjustment, but not the decrease in the morning peaks. Another potentially more restrictive simplification of the proposed explanation is leaving out of the analysis the production of secondary aerosols that are not directly emitted by human activities and that could be affected by the DST adjustments (Cohen, 1991; Hecq et al., 1993) . Analysis of these possibilities, however, calls for a modeling approach that falls beyond the scope of the present work.
From a physical point of view, the results shown highlight the importance that the morning and evening transitions of the ABL have on air pollution problems. These so-called transitional boundary layers (Angevine, 2008) have received more attention recently (Acevedo and Fitzjarrald, 2001; Angevine et al., 2001; Brazel et al., 2005; Lapworth, 2006) . For the particular case of Santiago, the morning transition of the ABL has already received some observational attention (Muñoz and Undurraga, 2010; Muñoz et al., 2000) . The evening transition and the stable ABLs over Santiago, on the other hand, have received much less attention, despite their large effect on the air pollution problem. Only recently, numerical modeling work (Saide et al., 2011) and observations with a ceilometer and a lidar (Muñoz and Alcafuz, 2012) are beginning to shed some light on the complex dynamics of the stable Santiago atmospheric boundary layer. The results have relevance from the point of view of the applied air pollution problem of Santiago. During the air pollution season, PM 10 concentrations in Santiago are followed in real time by the metropolitan authorities, who, based on these data and meteorological forecasts, decree in critical days restrictions to the use of cars and the shutdown of the more contaminant industries. Empirical evaluation of the real impact of these control measures in PM 10 concentrations has not been heretofore possible, since, as mentioned in the introduction, distinguishing between emission and meteorological factors of an air pollution problem is generally difficult (Jorquera and Castro, 2010) . Although the results shown here do not solve this problem, they can be considered a first empirical demonstration of the sensitivity of PM 10 concentrations in Santiago to modifications in the emission patterns. As such, they should be useful in constraining the magnitude and time phase of emission estimates for Santiago city, and in validating meteorological/dispersion models applied to simulate its air pollution problem. In terms of the net effect of DST on mean PM 10 values, on the other hand, the results are inconclusive. Due to the opposite effects upon the morning and evening peaks, the net impact of the DST change upon daily averaged concentrations is possibly small. The effect on short-term exposures at the times of the morning and evening peaks, however, may be more important, as the average magnitude changes of these peaks associated with DST adjustments can be about 35% and 15% in the fall and spring cases, respectively.
